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Abstract. Monitoring to detect population declines is widespread, but also costly. There
is, consequently, a need to optimize monitoring to maximize cost-effectiveness. Here we
develop a quantitative decision analysis framework for how to optimally allocate resources for
monitoring among species. By keeping the framework simple, we analytically establish two
new principles about which species are optimal to monitor for detecting declines: (1) those that
lie on the boundary between species being allocated resources for conservation action and
species that are not and (2) those with the greatest uncertainty in whether they are declining.
These two principles are in addition to other factors that are also important in monitoring
decisions, such as complementarity. We demonstrate the efficacy of these principles when
other factors are not present, and show how the two principles can be combined. This analysis
demonstrates that the most cost-effective species to monitor are ones where the information
gained from monitoring is most likely to change the allocation of funds for action, not
necessarily the most vulnerable or endangered. We suggest these results are general and apply
to all ecological monitoring, not just of biological species: monitoring and information are
only valuable when they are likely to change how people act.
Key words: general rules; information; monitoring; multi-species; optimization; population declines;
uncertainty.
INTRODUCTION
Monitoring is a widely used and valuable tool for
understanding ecological systems. Through monitoring
programs, we can quantify population abundance and
identify long-term trends (Taylor et al. 2007, Nielsen et
al. 2009, Wilson et al. 2011), understand basic species
biology (Nichols and Williams 2006, Lindenmayer and
Likens 2010, De Caceras and Brotons 2012), track the
spread of invasive species (Rooney et al. 2004), or assess
the effectiveness of management programs (Linden-
mayer and Likens 2009, Tulloch et al. 2013). Yet
monitoring programs involve data collection and
analysis, which can be expensive and the utility of the
information gained does not always outweigh the cost of
acquiring it (Grantham et al. 2008). There is, therefore, a
need to consider cost-efficiency in order to achieve the
best ecological outcome. More generally, the effective
allocation of resources is a major challenge in ecology.
A number of important considerations have previ-
ously been identified that provide guidance in deciding
how to optimize the cost-efficiency of various aspects of
monitoring. Some focus on the data collection, for
example, complementarity (e.g., using surrogates; Justus
and Sarkar 2002, Rodriguez and Brooks 2007) or the
costs of monitoring different species. Others focus on the
management actions taken as a part of a monitoring
program, for example their effectiveness (Walsh et al.
2012), or whether taking conservation action for one
species may also benefit another (complementarity,
again; Tulloch et al. 2013). Others look at the species
under study, by considering species weighting (Joseph et
al. 2009) or species detectability (Swan et al. 2014). All
these considerations can be important in one situation
or another.
We wish to establish whether there are principles that
have not previously been identified, which might be
useful in determining optimal monitoring decisions.
Here we look at monitoring to detect population
declines; by which we mean the process of collecting
and analyzing data to improve our understanding of
whether a species is declining or not. The overall
purpose of this type of monitoring is to minimize the
expected number of species declining. Identifying certain
species for direct management actions can reduce the
number of species in decline. However, the uncertainty
in whether a species is declining or not can mean that we
may take management action for the wrong, or at least
not the best, species. To minimize this, data can be
collected and analyzed to improve our knowledge of
whether a species is in decline or not. Greater certainty
means management actions for reversing species declines
can be better targeted at those species that need them
most. The problem is how to best allocate resources for
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monitoring among species in order to reduce uncertainty
and target management actions optimally.
We formulated a quantitative decision analysis
framework with a very simple, generic structure. We
deliberately kept the model simple in order to discover
whether there are unidentified rules that would help
identify the optimal species to monitor. We also believe
our simple structure would be applicable to many
situations, not just the optimization of multi-species
monitoring and we discuss the broader applicability of
this methodology in the discussion.
METHODS
The objective of our model is to understand how to
optimally allocate resources for monitoring activities
(and subsequently management actions) so as to
minimize the expected number of species declining. In
our context, monitoring provides information that can
reduce the uncertainty in our understanding of whether
a species is in decline or not. An important but different
type of monitoring is to assess the effectiveness of
management actions. This is not considered in this
paper. Population declines can be estimated in many
ways: including time series analysis of population
abundance (Wilson et al. 2011), analysis of presence–
absence (Pollock 2006) or demographic data (Anthony
et al. 2006), and genetic methods (Sawaya et al. 2012).
Our framework does not make any assumptions about
the particular monitoring methodology for collecting
data, or analysis methodology for detecting declines
within the data. We do assume, however, that an
unbiased estimate of the probability of decline is
available.
Framework
For each species it is assumed there is the following
information: di, the unbiased estimate of the probability
that species i is in decline; ei, the effectiveness of a
conservation action for species i, or the degree to which
a species’ rate of decline is reduced (so that ei¼ 0 means
the conservation action has no impact on reducing the
decline, and ei ¼ 1 means that the decline is completely
arrested); Ci, the cost of taking remedial conservation
action for species i; and Mi, the cost of monitoring.
Remedial actions could be actions to prevent threats,
such as invasive predator control or treating pollution,
restoring habitat, etc. The cost of taking action is the
cost of stopping (ei ¼ 1) or reducing (ei , 1) a species’
decline, and could include a single undertaking or the
combined cost of a suite of actions. This can be
estimated by experts, or by using population models if
there is sufficient knowledge to estimate the appropriate
parameters.
Consider first the optimization without monitoring.
The problem is to minimize the expected number of
species declining by allocating resources for conserva-
tion action among S species, when there is a fixed
budget, B
min
xi
XS
i¼1
ð1 xiÞeidi
2
4
3
5 such that
XS
i¼1
xiCi  B ð1Þ
where xi equals 1 or 0 depending on whether resources
are allocated to species i for conservation action or not.
We want to find the optimal distribution of resources,
xi, that minimizes the utility function representing the
expected number of species declining: U¼R(1 xi )eidi.
Species are rarely considered as all equal, and a term for
weighting each species to reflect this would come into the
framework in exactly the same way as the effectiveness
of a management action. Species’ weightings could
reflect their economic value, ecosystem services, value
to the public, and etc. (Joseph et al. 2009).
When there is no monitoring, the optimal species to
allocate resources for management actions would be
species with the highest value of di/Ci, i.e., species with
the highest probability of decline and the lowest cost of
taking action to stop that decline (Possingham et al.
2002).
Next, monitoring is included in the optimization. The
problem is to minimize the expected number of species
declining by optimally allocating resources for monitor-
ing and conservation action between species
min
xiti
XS
i¼1
ð1 xiÞeidiðviÞ
2
4
3
5 such that
XS
i¼1
xiCi þ viMi  B
ð2Þ
where ti equals 1 or 0 depending on whether resources
are allocated to species i for monitoring or not, andMi is
the cost of monitoring species i. The goal is to minimize
the expected number of species in decline by jointly
choosing an optimal distribution of resources for both
conservation action, xi, and for monitoring, ti. The
estimate of the probability that a species is in decline, di,
is now dependent on whether a species is monitored or
not, di (ti ), as monitoring changes our certainty in
whether a species is declining.
Analytical analysis
In the results section, we analytically study our above
framework in order to discover whether there are any
general principles for deciding which are the optimal
species to monitor. In order to study the simplest case,
conservation action was initially assumed to always be
100% effective in stopping a species’ decline (i.e., ei¼ 1).
Monitoring a species was also initially assumed to result
in knowing precisely whether the species was declining
or not, i.e., there are no Type I (false positive) or Type II
errors (false negative) errors. Both these assumptions
were then relaxed.
Numerical tests
We demonstrated the use of our framework by
numerically generating a selection of fifty species with
random estimates of the probabilities of decline, and
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random costs for management actions to arrest that
decline (we also looked at management actions that
reduced the probability of decline, as opposed to
completely arresting it, and results were similar). As
we are interested in only the relative ordering of which
species are the best to monitor, it was assumed that
monitoring would tell us precisely whether a species is in
decline or not. We calculated the expected reduction in
the number of species declining if a species was
monitored. Species were then ranked from the largest
to lowest reduction.
We investigated unequal monitoring costs between
species, and how high that differentiation needed to be
for it to outweigh our new rules. We have not considered
correlations between various factors, although we
recognize that they could be important; for example
there could be a correlation between a high monitoring
cost and a high level of uncertainty in whether a species
is declining or not.
RESULTS
Analytical analysis
Species are first ordered by their cost-effectiveness
ratio di/Ci, from highest to lowest (if ei , 1, the species
would be ordered by eidi/Ci ). If there was no monitor-
ing, species would be allocated resources starting with
species with the highest benefit (highest di/Ci,) until the
available budget was used up. Let species b be the
species that has the smallest value of di/Ci that would
still have received funding in the no monitoring scenario,
db/Cb (i.e., on the boundary of being funded). The next
species would have a value of di/Ci¼ db/Cb e, where e
is a positive number, and that species would not receive
funding. Species are now in two groups (although
subsequent monitoring may then change the allocation
of resources for management action): group A, species
that would have received funding if there was no
monitoring (di/Ci  db/Cb), and group B, species that
would not have received funding (di/Ci , db/Cb). For
each group (A and B) there are two possibilities, either a
species is genuinely declining or it is not.
For a species in group A (a species that would have
received funding if there was no monitoring), consider
first that the species is genuinely declining (which occurs
with expected probability di ). In this case, management
action would still be taken for this species. As some
resources have been spent on monitoring species i, there
are fewer resources for conservation action. It is optimal
to reduce resources for the species on the boundary of
being funded, as this has the worst cost-benefit ratio of
the species currently planned to receive funding. Only a
proportion (Cb  Mi )/Cb of the cost of management
action can now be funded for that species (assuming Cb
. Mi ). The change in the utility function (the expected
number of species declining) because of this is DU¼ db
db(Cb  Mi )/Cb ¼ dbMi/Cb. There is an increase in the
expected number of species declining, as there are fewer
resources for remedial conservation action.
Consider next that species i in group A is not declining
(which occurs with expected probability 1  di ). The
resources for management action that were being
allocated for that species, Ci, should now be switched
to another. The optimal species to allocate this funding
to is the one just below the boundary of being funded.
When the limit e! 0 is taken, this results in a change in
the utility function of DU ¼db(Ci  Mi )/Cb.
The expected reduction (E) in the number of species
declining by monitoring species i in group A, is the sum
of these two changes in the utility function multiplied by
their respective probabilities
E½DU ¼ didbMi
Cb
þ ð1 diÞ db Ci Mi
Cb
 
E½DU ¼ db Ci
Cb
ð1 diÞ Mi
Cb
 
: ð3Þ
For a species in group B (species for which no
management action was planned a priori ), consider first
that species i is in decline (probability di ). Resources
should now be switched to this species for management
action (since 1/Ci will now be higher than d/C for one of
the other species currently being funded, provided Ci is
not very high, i.e., provided it is not a long way below
the boundary). There is a reduction in the utility
function from allocating resources to this species that
is now known to be declining but was not previously
allocated management resources, DU¼1. The optimal
species from which to remove management funding is
the one on the boundary of being funded, which results
in DU¼ dbCi/Cb. Lastly, there is an increase in the utility
function due to monitoring costs, DU ¼ dbMi/Cb (using
the limit e! 0). In total, DU¼1þ dbCi/Cbþ dbMi/Cb.
Consider next that species i in group B is not declining
(which occurs with expected probability 1 di ). There is
no change in the resource allocation for management
actions. The cost of monitoring means there are Mi less
resources for management action for the boundary
species; DU ¼ dbMi/Cb.
The expected reduction in the number of species
declining by monitoring species i in group B is
E½DU ¼ di 1 db Ci þMi
Cb
  
þ ð1 diÞ  dbMi
Cb
 
E½DU ¼ db di 1db 
Ci
Cb
 
Mi
Cb
 
: ð4Þ
The most cost-effective species to monitor is the one
that maximizes the expected reduction in species
declining (Eqs. 3 and 4).
Principle 1: monitor species on the boundary.—If the
cost of taking conservation action was much greater
than the cost of monitoring, then the ratio Mi/Cb would
be small and not influential in maximizing E [DU].
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Similarly, if monitoring costs were not too dissimilar
between different species then Mi/Cb would be similar
for all species. In both cases, for species in group A, the
expected reduction in species declining (Eq. 3) would
then be a maximum when Ci(1  di ) was a maximum;
i.e., when di was small and Ci was large, a low benefit-to-
cost ratio. This would tend to be a species on the
boundary. For species in group B, Eq. 4 tends to have a
maximum when Ci is small and di is large, i.e., a high
benefit-to-cost ratio, which is a species on the boundary
again. In either case di ¼ db, Ci ¼ Cb, and
E½DU ¼ db 1 db Mi
Cb
 
: ð5Þ
This is exactly the same for both groups A and B; the
optimal species to monitor is one close to the boundary
of being allocated funds for management. We summa-
rize this in Fig. 1.
Principle 2: monitor species with high uncertainty.—If
all the conservation action costs across species were the
same and species only differed in di, or all the
probabilities of decline were the same and species only
differed in costs, then the best species to monitor is
precisely the one on the boundary. When the costs and
the probabilities of decline both differed amongst
species, as would be more typical, then there is an added
condition to consider. Let species 1 have a higher benefit-
to-cost ratio than species 2, d1/C1¼ (1þ a)d2/C2(a . 0).
Species 1 would be preferentially allocated resources for
management action as it is further from the boundary,
but it would only be preferentially monitored if C1(1 
d1) . C2(1 d2), which is the condition from above (Eq.
3, assuming either Mi/Cb is small or M1 ¼ M2). For
group A, substituting values for C1 and C2 into Eq. 3
d1ð1 d1Þ. d2ð1 d2Þð1þ aÞ: ð6Þ
The term di(1  di ) has a maximum when di ¼ 0.5.
Thus the optimal species to monitor are typically ones
where the uncertainty in the probability of decline is
largest. Species where di is close to 0 or 1 are not as cost-
effective to monitor, even if they are close to the
boundary. The optimal species to monitor has the
highest value of Ci(1 di ) and this tends to be a species
on the boundary. However, if di is close to 0 or 1, then a
species further from the boundary, but with higher
uncertainty, may be better to monitor. For species in
group B, the optimal species to monitor are also ones
where the uncertainty in the probability of decline is
largest, i.e., species where di is closest to 0.5.
The two principles for deciding which species are the
most cost-effective to monitor are the same for each
group: monitor species near the boundary of taking
action; and monitor species where uncertainty in the
probability of decline is largest.
Relaxing assumptions.—When the effectiveness of
management actions, ei, was not 100% (i.e., ei , 1),
then monitoring a species for which management action
was planned resulted in a change in the expected number
of species declining (see Appendix A)
E½DU ¼ dbeb Ci
Cb
ð1 diÞ Mi
Cb
 
: ð7Þ
This is the same as Eq. 3, except there is a weighting
factor of eb.
The change in the expected utility will be a maximum
when Ci(1  di ) is a maximum, as before. Species are
now ordered by the benefit to cost ratio, eidi/Ci, and the
maximum value of Ci(1  di ) will not necessarily be on
the boundary, as it will also depend on the ei. However,
when the ei are independent of the di and Ci , then
species on or around the boundary will still, on average,
be the best species to monitor. As before, species with
high uncertainty (di close to 0.5) are better to monitor,
although Eq. 5 would have an extra factor due to the ei:
d1(1  d1)(e1/e2) . d2(1 d2)(1þ a). Monitoring species
for which we were not planning to take action can be
similarly analyzed (Appendix A).
In Appendix B, we show that the results are similar
when the assumption of no Type I and Type II errors
was relaxed.
Numerical tests
Species were first ordered by their benefit to cost ratio.
Since, for simplicity, Type I and Type II errors have
been ignored, Eqs. 3 and 6 can be used to calculate the
expected reduction in the number of species declining if
that species was monitored. The most cost-effective
species to monitor were clustered around the boundary
FIG. 1. Schematic illustrating that species are on the
boundary of the budget for taking action are the optimal
species to monitor. Species (i) are ordered by their cost benefit
ratio (di/Ci ), with the most cost-effective species to take action
for at the top. The budget is then allocated to species starting
with the cheapest, until it is used up. The optimal species to
monitor are then the ones on the boundary of the budget for
action.
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species (Fig. 2a). Species that have a very high or very
low estimate of the probability of decline are not as cost-
effective to monitor. These species are lower in the
optimal monitoring order even when they are close to
the boundary species in their benefit to cost ratio (Fig.
2a).
We used a simple measure, the value of monitoring
VoMi, to combine the two principles. Consider S
species, ordered by their cost effectiveness (di/Ci ). Let
ui be the position of species i in the ranking; so that ui¼
1 for the most cost-effective species, ui¼b for the species
on the boundary of being funded, and ui¼S for the least
cost-effective. Let di¼ jui bj/S, so that di is small when
the species is close to the boundary and large when it is
far away. Let bi¼ jdi 0.5j, so that bi is small when the
decline is highly uncertain and large when it is more
certain. If both principles are weighted equally, then our
combined measure is given by VoMi ¼ 1  (bi þ di ).
Species with the largest value are the best species to
monitor. We have also explored different measures
based on unequal weightings of the two rules, but these
tended to work less well, so we have kept to the simplest
approach and kept the weightings equal. Our simple
measure, VoMi, which combines both principles, pre-
dicts the order of species monitoring very well (Fig. 2b).
In Appendix C, we show that our combined measure
is close to optimal when the variation in monitoring
costs between species was small. As the differentiation
between species in the costs of monitoring increased,
then monitoring costs become more important. When
the coefficient of variation of the monitoring costs was
greater than 0.35, then an allocation of monitoring
resources solely based on monitoring the cheapest
species worked better than an allocation based on VoMi
(Appendix C: Fig. C1).
DISCUSSION
The search for general rules for ecological monitoring
is a major challenge in the management of biological
populations (Hauser et al. 2006, Rhodes et al. 2006,
Wintle et al. 2010, Rhodes and Jonzen 2011). Here, we
have identified two principles for selecting the most cost-
effective species to monitor in order to inform the
management of declines: monitor species on and around
the boundary of being allocated and not allocated
resources for taking action; and monitor species where
uncertainty in the probability of decline is largest.
Ranking species and allocating resources (or threat
categories) based on discrete cut-offs is ubiquitous in
biodiversity conservation (e.g., Joseph et al. 2009, IUCN
2012). Our principles, combined with other known
important factors (such as complementarity), can help
to more effectively design monitoring strategies to
improve the allocation of monitoring and management
resources in these contexts.
Our two results can be explained within a more
general context. Species with a high benefit-to-cost ratio
(high di/Ci ) will typically always be allocated resources
for management action whether they are monitored or
not. If they were monitored, the most likely outcome is
just to confirm the allocation of resources to that
species. Species with a low benefit to cost ratio (low di/
Ci ) will typically never be allocated resources for
management, whether monitored or not. However, it is
the intermediate species (ones near the boundary), where
monitoring and extra information might change the
allocation of funds and subsequent course of action that
FIG. 2. (a) The optimal species to monitor. The x-axis
shows the ranking of species ordered by benefit of action (i.e.,
probability of decline/cost), with the species with the largest
benefit ranked number 1. The y-axis is the optimal monitoring
order calculated with the analytical results in the main text, with
1 being the best species to monitor and 50 the worst. Species
had randomly generated values of the cost of action (between
US$250 000 and US$5 million) and probability of decline
(between 0 and 1). A budget for management action was
arbitrarily chosen to action the first (as ordered by benefit) 25
species (in this case US$55 million; shown by an arrow under
the x-axis). (b) Comparison of the combined measure with the
optimal monitoring order. Each point represents a species. The
x-axis shows the optimal monitoring order of the 50 species,
with number 1 being the most cost-effective species to monitor.
The y-axis is the monitoring order of the same species using the
combined measure. If the combined measure was 100%
optimal, then the species ranked number 1 using the optimal
equations in the text would also be ranked number 1 using the
combined measure. The straight line is y ¼ x.
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are the most cost-effective to monitor. Changing our
course of action can occur because information is
discovered that allows a more cost-effective allocation
of resources. In order to assess which species to monitor,
decide first (based on cost-efficiency) which species
should be allocated resources, and then monitor those
species that are most likely to result in changes to this
allocation.
Monitoring provides information on whether a
population is genuinely declining or not. If confidence
is high that a population is, or is not, in decline, then the
expected value of learning new information from
monitoring is low because it is likely to just confirm
the a priori belief (although monitoring could be useful
for other purposes that have not been considered within
this analysis, such as estimating the magnitude of a
decline). On the other hand, if there is uncertainty in
whether a population is declining or not, then the
expected value of learning new information from
monitoring is higher, as a greater certainty in the
population trend can potentially reduce costs. Monitor-
ing is needed when there is uncertainty in the knowledge
of the system and when it would produce information
that informs our understanding of the system, such that
it would reduce the number of mistakes made. These
conclusions accord with the fundamental principle of
‘‘value of information’’ thinking (e.g., Williams et al.
2011, Moore and Runge 2012, Maxwell et al. 2015).
Our decision framework could be applied more
generally to optimizing monitoring problems that can
be structured in the following way: there are a number of
actions that can be taken (or a number of places to
direct an action), which have potentially different
outcomes in helping achieve a goal; the actions cost
money and there is a limited budget; and there is
uncertainty as to which actions (or places to direct the
actions) achieve the best outcome for the money spent,
although an estimate of the effectiveness of each action
(or each place where the action is directed) can be made.
Monitoring provides information that increases certain-
ty about the effectiveness of those actions. Any problem
that can be structured thus will fit into our framework.
Of course, not all problems can be simplified in this way,
but the framework clearly has potential applications
beyond monitoring species for declines.
Our goal in this paper was to start with as simple a
system as possible in order to try to understand basic
principles for deciding on cost effective monitoring. This
paper draws attention to two new principles. There are
many other factors that also need to be taken into
account in the final decision making process for
allocating monitoring resources. Complementarity, large
differences in monitoring costs, the effectiveness of
management actions, species weightings, how quickly
monitoring reduces Type I and II errors, using indicator
species that are surrogates for the responses of others,
and species’ detectability are just a subset of the
important influences for deciding which species are the
best to monitor. We fully appreciate that one or more of
these factors may be more important in deciding the
most cost-effective species to monitor in a particular
situation than the two principles outlined here. In
particular, when the relative differences between species
for a particular factor are large, then that factor
becomes more important in understanding species’
relative cost-effectiveness. How, and which factors, to
include will be situation dependent, and building precise,
system-specific models when resources and data allow
would always achieve the most accurate results.
However, we would argue that the general principles
demonstrated within the simple model here, would still
be relevant within a more complex model with other
factors taken into consideration.
Consider complementarity, for example. If there is
complementarity (or dependencies) in management
actions such that one action may benefit many species,
then the benefit to cost ratio, which was used to order
species within the simple model, is now much more
complicated. The benefit from an action is not just in the
expected reduction of decline in one species, but across
many. Also the actions may not be independent, as
implementation of one action may affect the expected
benefit of other actions. However, we would expect
similar monitoring principles from our simple model to
hold. When a management action stands to benefit
many potentially declining species (due to complemen-
tarity) so that its benefit-to-cost ratio is high, then
monitoring to assess those species is not needed as the
uncertainty to its benefit is actually quite low (monitor-
ing for assessing whether a management action is
effective or not is a separate question to that addressed
here). Monitoring would be most needed in cases where
the benefit to cost ratio is more marginal. The model is
much more complicated, but the principle that moni-
toring species on the boundary of being allocated
resources is the most cost-effective, still holds.
Our results are thus more general than just for the
simple model used here. Our principle result is that that
monitoring and information are only valuable when
they are likely to change how people act. This should
apply to all types of ecological monitoring, not just of
biological species.
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